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1. Preface
1.1. Scope of This Volume
The solubilities of binary systems of C5-C36 hydrocarbons
with water, heavy water, and seawater were reviewed in
1989 in Volumes 37 and 38 of the IUPAC Solubility
Series.
1,2 Because solubilities of hydrocarbon-water systems
are of considerable importance and widespread interest
among several groups including industrial and environmental
chemists, because the earlier volumes are now difﬁcult to
obtain and nearly 20 years out of date ~for most systems,
compilation ended in the mid-1980s!, and because a new
technique of data evaluation has been developed, the deci-
sion was made to revise and update this work as a new vol-
ume. This new work incorporates the compilations prepared
for the original version ~with correction of typographical and
other errors where such have been discovered! and contains
new compilations based on recent and previously overlooked
reports, and new evaluations for systems where two or more
independent measurements of solubility have been reported.
The revised work is volume 81 in the Solubility Data Se-
ries and will be published in 12 parts as listed below.
Part 1: C5 Hydrocarbons with Water ~13 systems; 7 evalua-
tions!
Part 2: Benzene with Water and Heavy Water ~2 systems; 1
evaluation!
Part 3: C6H8-C6H12 Hydrocarbons with Water and Heavy
Water ~12 systems; 6 evaluations!
Part 4: C6H14 Hydrocarbons with Water ~5 systems; 5 evalu-
ations!
Part 5: C7 Hydrocarbons with Water and Heavy Water ~22
systems; 9 evaluations!
Part 6: C8H8-C8H10 Hydrocarbons with Water ~5 systems; 5
evaluations!
Part 7: C8H12-C8H18 Hydrocarbons with Water ~20 systems;
5 evaluations!
Part 8: C9 Hydrocarbons with Water ~18 systems; 8 evalua-
tions!
Part 9: C10 Hydrocarbons with Water ~19 systems; 10 evalu-
ations!
Part 10: C11 and C12 Hydrocarbons with Water and Heavy
442 442 A. MACZYNSKI AND D. G. SHAW
J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005Water ~22 systems; 11 evaluations!
Part 11: C13-C36 Hydrocarbons with Water ~46 systems; 18
evaluations!
Part 12: C5-C26 Hydrocarbons with Seawater ~46 systems, 15
evaluations!
To the extent allowed by the available data, this volume
treats mutual solubility. That is, data for both the solubility of
a hydrocarbon in water and water in that hydrocarbon are
compiled and evaluated together, when available. For a few
systems in Parts 2, 3, 5, and 10, mutual solubility data with
heavy water (D2O! are also included. Solubilities of hydro-
carbons in seawater are grouped together in Part 12. A vari-
ety of units for the expression of solubility have appeared in
the primary literature. For the purpose of comparison the
compilers of this volume have, so far as possible, expressed
all original results in terms of mass percent and mole fraction
as well as the units reported by the original investigators.
Where conversions have been made, these are attributed to
the compiler and the source of any auxiliary data not pro-
vided by the original investigators ~such as hydrocarbon or
seawater density! is speciﬁed. Deﬁnitions of mass percent
and mass fraction as well as their relationship to other com-
monly used measures of solubility are given in the Introduc-
tion to this volume.
Experimental methods for determining hydrocarbon water
solubility can be categorized as either synthetic or analytical.
One widely used synthetic method is the cloud point tech-
nique, in which one component is titrated with the other until
turbidity or its absence is observed, depending on the direc-
tion from which equilibrium is approached. With careful
temperature control and adequate stirring, it is possible to
cross back and forth over the end point several times and
obtain precise results by averaging. The method is only ap-
plicable if both components are liquids at the temperature of
the experiment. In a modiﬁcation of the synthetic method
precisely measured amounts of the two components are
sealed into a glass ampoule, which is then heated or cooled
as necessary to determine temperature of solubility by obser-
vation of the cloud point. In this variation the system pres-
sure at which solubility is observed is unknown. However,
since the effect of pressure on solubility is generally small, it
is often ignored.
In the analytical method a saturated solution, either of hy-
drocarbon in water or water in hydrocarbon, is prepared and
its composition is determined. When water is the continuous
phase hydrocarbons are determined by a variety of tech-
niques with gas chromatography and optical spectrometry
being common. When the hydrocarbon is the continuous
phase water is almost always determined by the Karl Fischer
method. The success of the analytical technique is critically
dependent on the preparation of a saturated solution, which
can be difﬁcult especially for high molecular weight hydro-
carbons whose water solubility is very low. The presence of
only a small amount of the minor component adsorbed to
surfaces or in the form of colloidal droplets can signiﬁcantly
inﬂuence the results obtained. This can lead to major positive
systematic errors. For the best hydrocarbon in water mea-
surements it is necessary to ensure that the water used is free
of dust and other particles since sorption of hydrocarbons to
surfaces can be signiﬁcant. One measure of the presence or
absence of small particles is the Tyndall Effect. If a saturated
solution is prepared by shaking the components together, it is
important to ensure that particles are not formed and again
the Tyndall Effect is useful. Unfortunately, lack of experi-
mental detail in some published reports makes error evalua-
tion difﬁcult. As an alternative to shaking or stirring compo-
nents to achieve equilibrium, some workers have used a
‘‘generator column’’ in which water is passed through a bed
of glass beads or other inert support which were previously
coated with the hydrocarbon component. To establish that
saturation has been reached, the generator column path-
length is increased until the concentration of hydrocarbon
remains constant. Users of this volume are advised to be
aware of potential sources of error in these measurements,
especially for systems where only one or a few measure-
ments have been made or when solubilities are very low.
This volume is the result of a careful search of the chemi-
cal literature. The goal of that search was to include all pub-
lished data for the systems indicated in the title. Each evalu-
ation includes a closing date for the literature search of that
system, usually January 2003 or later. In spite of these ef-
forts, some published measurements may have been missed.
The editors will appreciate having their attention brought to
any overlooked source of solubility data.
1.2. Procedures Used in Critical Evaluation
When each system is evaluated separately the estimation
of data quality can be difﬁcult. For example, plots of solu-
bility against temperature from two studies of the same sys-
tem can yield two smooth but disagreeing curves, for which
the source of the systematic difference is unclear. In other
systems, only few experimental points are available. More-
over, solubilities in hydrocarbon water systems are very low
and consequently even small experimental errors may lead to
substantial relative errors in measured solubilities, which in
some cases reach 100% or more. To help clarify these uncer-
tainties this work presents a new approach to the critical
evaluation of the solubility data of the hydrocarbon-water
systems by the calculation of ‘‘reference data’’using smooth-
ing equations that incorporate solubility information from
many systems. The calculation of reference data consists of
two steps:
~1! Approximation of solubilities of hydrocarbons in water
with a smoothing equation described in the next section.
This equation depends on the hydrocarbon properties but
contains also empirical coefﬁcients. The same values of
these coefﬁcients are used for mixtures of n-alkanes,
branched alkanes, cycloalkanes, and unsaturated hydro-
carbons in water. They are derived from simultaneous
regression of the hydrocarbon solubility data.
~2! Liquid-Liquid Equilibrium ~LLE! calculations yielding
solubility of water in various hydrocarbons. The input
data for these calculations are the hydrocarbon in water
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LLE calculations use an equation of state ~ESoC! modi-
ﬁed to account for the role of hydrogen bonding in
solvation.
4–6
In these two steps an extensive body of experimental data is
described with a few adjustable parameters providing an ad-
ditional framework for comparison of experimental data and
help in the recognition of systematic error. The hydrocarbon
solubilities calculated from the smoothing equation and the
calculated water solubilities are used as the reference data in
evaluations. Maczynski and co-workers
3–5 have described
the calculations and examples of the evaluation of data.
Derivation of Reference Data for Solubility
of Hydrocarbons in Water
The mole fraction of hydrocarbon in water (x1) along the
three-phase equilibrium line is related to the heat of solution
of the hydrocarbon (Dslnh).
] lnx1 /]~1/T!52Dslnh/R. ~1!
Minimum solubility (x1,min) occurs when Dslnh50, which
is generally observed near room temperature (Tmin). Thus,
linear dependency of Dslnh on temperature can be expressed
as follows:
Dslnh/R5~DslnCp /R!~T2Tmin!, ~2!
where DslnCp is heat capacity of the solution. Introducing
this expression into Eq. ~1! upon integration gives Eq. ~3!.
lnx15lnx1,min1~DslnCp /R!@Tmin/T1ln~T/Tmin!21#.
~3!
Solubility of a hydrocarbon depends on the size of the
cavity in the water needed to accommodate the dissolved
molecule. This size is proportional to the excluded volume
(b) of the hydrocarbon. Here the Redlich-Kwong Equation of
State ~RK EoS! is used and b is calculated from critical
temperature (Tc) and critical pressure (Pc) with Eq. ~4!:
b50.08664RTc /Pc . ~4!
It was found ~see Maczynski and co-workers
4,5! that both
ln x1,min and (DslnCp /R) depend linearly on b. The relation
for lnx1,min was obtained from experimental points shown in
Figs. 1 and 2. They were selected from available hydrocar-
bon solubility data measured in the vicinity of the minimum
where lnx1'lnx1,min. An abundance of data allows estima-
tion of x1,min more accurately than solubilities at other tem-
peratures. As shown by the ﬁgures the solubility at minimum
can be approximated with Eq. ~5!:
lnx1,min5c11c2b1cpL, ~5!
where L is number of p-bonds in the molecule, e.g., L51
for alkenes, L52 for alkadienes and alkynes, and L54 for
alkadiynes. When L50, Eq. ~5! describes minimum solubil-
ity of n-alkanes, branched alkanes, and cycloalkanes shown
in Fig. 1. The line in Fig. 1 was adjusted to the points yield-
ing values of c1 and c2. Using these values the coefﬁcient
cp was ﬁtted to the points shown in Fig. 2. The following
values were obtained: c524.088c252/0.073 molcm23,
cp51.10 or cp50.79 ~for conjugated p-bonds!.
The standard error of Eq. ~5! is obtained from the





where D1150.010; D125271025 molcm23; D22
551027 mol22cm26; D3350.0011.
Equation ~5! is useful for identiﬁcation of outlying experi-
mental data not only at the minimum but also at other tem-
peratures, because the corresponding experimental points
should lie on a curve going through lnx1,min predicted with
Eq. ~5!. Therefore, this equation is a point of departure for
the next stages of the evaluation. For hydrocarbons investi-
gated here the coefﬁcient DslnCp /R in Eq. ~3! is proportional
to b:
DslnCp /R5c3b. ~7!
The value of c3 was obtained by regression of the solubility
data for alkanes with Eq. ~3! where Tmin5298 K for cyclic
FIG. 1. Minimum solubilities (x1,min) of alkanes in water vs excluded vol-
ume (b).
FIG. 2. Minimum solubilities (x1,min) of unsaturated hydrocarbons in water
vs excluded volume (b).
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this regression lnx1,min was ﬁxed by Eq. ~5!. Values of c3 and




4 and Go ´ral.
5 have provided details of these
calculations. The validity of Eq. ~7! is illustrated in Fig. 3.
The hydrocarbon solubilities calculated from these equa-
tions are called here ‘‘reference data.’’ It should be noted,
however, that Eqs. ~5! and ~7! may not be appropriate outside
the range of experimental data that were used for establish-
ing of these equations. Their accuracy can be estimated with
Eqs. ~6! and ~8b!. For example, if one assumes L50, then at
T5Tmin from Eq. ~6!, one obtains the standard error
s(lnx1,min)50.032 for b5100 cm3mol21 and s(lnx1,min)
50.045 for b5200 cm3mol21. If one assumes L52, then
the corresponding values of s(lnx1,min) are 0.073 and 0.080,
respectively. At higher temperatures accuracy is lower but
even for b5200 cm3mol21, L52a tT5500 K value of
s(lnx) does not exceed 0.10, which corresponds to 10% of
the calculated hydrocarbon mole fraction. For evaluations
presented here it is assumed that data are in good agreement
with the reference data when the difference between experi-
mental and reference data does not exceed three times the
standard error. Taking upper limit of the relative standard
error equal to 10% we specify the experimental solubilities
differing from the reference data more than 30% as ‘‘doubt-
ful.’’ If at least two experimental points from different
sources but measured at similar temperatures, agree with the
reference data within the 30% limit, these points are ‘‘rec-
ommended.’’If the experimental points for given systems are
measured by one laboratory, they are ‘‘tentative,’’ even if
they agree with the reference data.
Derivation of Reference Data for Solubility
of Water in Hydrocarbons
Reference data for the solubility of water in a hydrocarbon
were calculated by a method developed by Go ´ral.
6 This
method ~EoSC! is based on the RK EoS with an added term,
which accounts for hydrogen bonding. Application of the
EoSC for water systems is described in Maczynski et al.
4
and Go ´ral.
5 The input information for this LLE correlation is
the solubility of hydrocarbon in water, calculated with Eq.
~3!, where lnx1,min and (DslnCp /R) are calculated with Eqs.
~5! and ~7!. The output is water solubility (x2) in the hydro-
carbon as a function of temperature. The experimental solu-
bility of water was used only at the beginning to ﬁx param-
eters in the model of the association.
The calculated results were compared with experimental
data in Maczynski et al.
4 and Go ´ral.
5 The conclusion is that
the calculated solubilities of water in alkanes can be used as
reference data up to about 60 K below three phase tempera-
ture.
For alkenes three systems measured by the same labora-
tory over a wide temperature range have been reported. The
reference data agree well with these experimental data up to
about 60 K below the three phase critical temperature but
more data are necessary to draw a deﬁnite conclusion. Un-
fortunately, for other unsaturated hydrocarbons solubility of
water is reported only up to about 330 K. In view of the
accuracy of the experimental data, the agreement between
the reference and experimental data is very good but outside
of this range the reference data should be treated with care.
Standard error of the water solubility measurements was
estimated with the equation:
s~lnx2,exp!5@S~lnx2,exp2lnx2,EoSC!k /~m2n!#0.5,
~9!
where lnx2,exp is logarithm of the experimental mole fraction
of water in a hydrocarbon and lnx2,EoSC is the corresponding
value calculated with EoSC using n parameters in the model
of association. The summation goes through m experimental
points. For alkanes m5148, n54 and s(lnx2,exper)50.27.
Using these values, the average standard error of the refer-
ence data was estimated with the equation:
s ¯~lnx2,EoSC!5s~lnx2,exp!~n/m!0.5 ~10!
Eq. ~10! yielded: s ¯(lnx2,EoSC)50.044. A somewhat larger
value was obtained for unsaturated hydrocarbons. This good
agreement is partially caused by the fact that the calculated
water solubility is relatively insensitive to errors in the hy-
drocarbon solubility used as the input data. Nevertheless, to
be conservative the same criteria as those listed in previous
section were adopted for the recommended, tentative, and
doubtful data.
For convenience of the user the solubility data predicted





Originally Tr5T/T3c, where T3c is three phase critical tem-
perature. In most cases, T3c is not known, therefore instead
of T3c an adjustable temperature T0 is used in Eq. ~11!. The
range of applicability of Eq. ~11! is the same as those listed
above for EoSC.
FIG. 3. Heat capacities of solution of the hydrocarbons (DslnCp) vs excluded
volume of hydrocarbon (b).
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2. Introduction to the Solubility Data
Series: Solubility of Liquids in Liquids
2.1. The Nature of the Project
The Solubility Data project ~SDP! has as its aim a com-
prehensive review of published data for solubilities of gases,
liquids, and solids in liquids or solids. Data of suitable pre-
cision are compiled for each publication on data sheets in a
uniform format. The data for each system are evaluated and,
where data from different sources agree sufﬁciently, recom-
mended values are proposed. The evaluation sheets, recom-
mended values, and compiled data sheets are published on
consecutive pages.
This series is concerned primarily with liquid-liquid sys-
tems, but a limited number or related solid-liquid, ﬂuid-ﬂuid
and multicomponent ~organic water salt! systems are in-
cluded where it is considered logical and appropriate. Solu-
bilities at elevated and low temperatures and at elevated
pressures have also been included, as it is considered inap-
propriate to establish artiﬁcial limits on the data presented if
they are considered relevant or useful.
For some systems, the two components may be miscible in
all proportions at certain temperatures and pressures. Data on
reported miscibility gaps and upper and lower critical solu-
tion temperatures are included where appropriate and when
available.
2.2. Compilations, Evaluations, and Quantities
and Units Used in Compilation and Evaluation
of Solubility Data
Formats for the compilations and critical evaluations have
been standardized for all volumes, and complete details for
these formats can be found in previous Solubility Data Series
volumes, for example, Sazonov and Shaw.
1
Solubilities of liquids in liquids and solids in liquids have
been the subject of research for a long time, and have been
expressed in a great many ways. The nomenclature, use of-
symbols and units in the IUPAC-NIST Solubility Data Series
follow, where possible, Mills et al.,
2 again reviewed in detail
in Sazonov and Shaw.
1 A few quantities follow the ISO
standards
3 or the German standard;
4 see a review by Cvitas ˇ5
for details.
A note on nomenclature. The nomenclature of the IUPAC
Green Book
2 calls the solute component B and the solvent
component A. In compilations and evaluations, the ﬁrst-
named component ~component 1! is the solute, and the sec-
ond ~component 2 for a two-component system! is the sol-
vent. The reader should bear these distinctions in
nomenclature in mind when comparing equations given here
with those in the Green Book.
2.3. References for the Introduction to the
Solubility of Liquids in Liquids
1V. P. Sazonov and D. G. Shaw, editors, Acetonitrile Binary Systems,
IUPAC-NIST Solubility Data Series, Vol. 79, J. Phys. Chem. Ref. Data,
31~4!, 989 ~2002!.
2I. Mills et al., eds. Quantities, Units and Symbols in Physical Chemistry
~the Green Book!~ Blackwell Scientiﬁc Publications, Oxford, UK, 1993!.
3ISO Standards Handbook, Quantities and Units ~International Standards
Organization, Geneva, 1993!.
4German Standard, DIN 1310, Zusammungsetzung von Mischphasen
~Beuth Verlag, Berlin, 1984!.
5T. Cvitas ˇ, Chem. International 17~4!, 123 ~1995!.
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